as first suggested by Sperber. The bile ductules and ducts may modify the flow and composition of the bile before it reaches the gall bladder or duodenum (4, 6, 27) . A number of apparently inert solutes which have been employed in renal clearance measurements are also excreted in the bile. Sucrose ( 18) and inulin (7, 18) are found only in low concentrations, but bile concentrations of mannitol equal to or greater than those in plasma have been reported by Schanker and Hogben ( 18) or smaller may prove useful for biliary clearance studies and may provide a means of separating the primary steps in bile formation, involving the movement of solute and water into the canaliculi, from processes occurring at more distal sites in the bilary tract.
The present studies of inert solute clearance provide a means of examining mechanisms of canalicular bile production in the dog. The approach is similar to that recently reported by Forker (4) in the guinea pig, and comparison of the two reveals some rather marked species differences.
METHODS
Clearance studies. Three trained female mongrel dogs, weighing 2 1, 20, and 17 kg, were prepared approximately a year before starting the present experiments by cholecystectomy, ligation and division of the minor pancreatic duct and installation of a Thomas cannula (25) in the duodenum opposite the major duodenal papilla. The dogs were fasted for 24 hr prior to each experiment. At the time of an experiment the Thomas cannula was opened and a no. 6 olive-tipped ureteral catheter was inserted and advanced approximately 5 cm into the common bile duct. A soft polyvinyl catheter (.022 inch id., .035 inch o.d.) was inserted into each of the lateral saphenous veins and advanced well into the caudal vena cava. The dogs were gently restrained in the upright position in a sling. A 1. Only a single isotopically labeled compound was employed on a given day and the interval between studies on the same dog was at least 3 weeks. No radioactivity was detectable in control specimens of blood and bile routinely obtained at the outset of each experiment. The anticholinergic drug, pipenzolate methylbronlide,2 was administered intravenously in an initial dose of 0.5 mg/kg followed by 0.1 mg/kg every '20 min thereafter. During some of the studies secretin (vitrum) was infused intravenously into a forepaw vein at 3.75 U/mm for periods of 30 mm-1 hr.
Bile was collected by gravity in graduated test tubes which permitted frequent estimation of bile flow. The taurocholate and isotope solutions were infused at constant rate for at least 1.5 hr before beginning the collection of the first sample. In order to minimize deadspace errors sample collections were begun only after a relatively constant bile flow had persisted long enough so that at least 2 ml of bile produced at a given flow was discarded prior to each sample collection.
(This volume was based on previous estimates of apparent biliary dead space in the same dogs (27j.j The duration of a clearance period depended upon the bile flow, being long enough to obtain a 2.5 to 3-ml bile sample. Such a period was considered satisfactory if the average bile flow during the sample collection differed by less than 10 % from the flow of the 2-3 ml of bile produced immediately prior to the sample period. A specimen of venous blood was obtained in a heparinized tube at the beginning of each clearance period.
At the end of a sample period the experimental situation was altered by changing the rate of taurocholate infusion or by adding an infusion of secretin. The same criteria were applied for the achievement of a new steady state for the next clearance period. Between two and five (usually 3) clearance periods were carried out on a given day.
Isotope distribution studies. Mongrel dogs were anesthetized (with pentobarbital approximately 30 mg/kg iv). A laparotomy was performed to doubly ligate both renal pedicles after which the wound was closed with clips. A single dose of approximately 20 ,UC of 14C-labeled mannitol, creatinine, erythritol, or urea was administered intravenously. Venous blood specimens were obtained 1, 2, and 3 hr after isotope injection and immediately& thereafter the abdomen was reopened to excise specimens from two lobes of the liver. These were quickly sliced into fragments weighing approximately 1 g, blotted gently, and transferred to weighing bottles. Bile chromatographic studies. The surgical procedure was identical with that described above except that, in addition, the cystic duct was ligated and a plastic catheter was tied into the common bile duct. A single dose of r4C-labeled mannitol, sorbitol, or erythritol (20 yc) was injected intravenously.
Sodium taurocholate ( 1.6 % in 5 % Weighed specimens of liver (0.5-l gm) were homogenized with 5-l 0 ml of normal saline, and 0.5 ml of this suspension was mixed with 0.5 ml of Hyamine and allowed to stand overnight, after which 10 ml of Bray's solution was added. An internal standard was employed to correct for quenching as described above. Chromatography. Unlabeled mannitol (Fisher), sorbitol (Calbiochem), or erythritol (Mann), depending on which isotope had been injected, was added to samples of plasma, bile, and the infusion to achieve a concentration of 3 mg/ml. Duplicate strips were separated. One set was visualized by spraying the paper with ammoniacal 5 % AgNO3 solution followed by brief heating at 100 C; the others were cut into 15-mm slices from the origin to the solvent front and eluted with 1 ml water into a counting vial. After the addition of 10 ml of Bray's solution, the vials were scanned in the Packard Tri-Carb counter.
Plasma water content was assumed to be 92 Yo (average of 4 determinations on representative samples, range 91-94 %).
The ratios of liver-toiplasma 14C activity, expressed as activity per unit of water, were close to unity for all of the four compounds tested (Table  l) , and are consistent with complete diffusion equilibration of mannitol, erythritol, creatinine, and urea between plasma and liver cell water. The ratios were slightly higher for urea than for the other compounds.
The reason for this is not clear at this time. The results are similar to those previously reported in rats for mannitol (2, 18) and in guinea pigs for mannitol and erythritol (4).
Calculations. Bicarbonate concentration was calculated from total CO2 content by subtracting 1.2 mM (the concentration of H&O 3 at an assumed Pco 2 of 40 mm Hg). Bile salt concentration in bile was estimated as the difference between (Na + K) and (HC03 + Cl) as described previously (26). Bile salt excretion rate (pEq/ min), the product of the estimated concentration (mEq/ liter) and the bile flow (ml/min), was always approximately equal to the rate of sodium taurocholate infusion.
Chromatography. During the course of repeated studies in the unanesthetized dogs it was discovered that different lots of 14C-labeled "mannitol" yielded two distinct populations of biliary 14C clearance values. The apparent clearance of 14C-labeled sorbitol (not reported for the reason indicated below) was much higher than that obtained with any of the lots of mannitol.
Because of the rapid renal excretion of mannitol and sorbitol the absolute plasma and biliary r4C activities in these dogs were too low to permit chromatographic study so that this discrepancy was explained only when acute studies were undertaken in functionally nephrectomized dogs. Chromatographic analyses of bile following injection The "clearance" of the radioactive test substance was calculated in ml/min as the product of bile flow (ml min) times the bile-to-plasma ratio of 14C activity.
RESULTS

Distribution
of test substances between liver and plasma. Nine distribution studies were conducted in anesthetized dogs with ligated renal pedicles ( Table  1 ). The plasma concentrations of 14C-labeled mannitol, creatinine, erythritol, and urea declined slowly following a single intravenous injection, and the final plasma concentrations 3 hr after injection were 5-20 7c lower than the concentrations 1 hr after injection. The liver water content, based on weight loss of samples from each dog dried to constant weight 110 C, was 73 70 (range 72-74 Yo). I (Fig. 1A) . Chromatographs of bile collected after an injection of the mannitol from the lots which yielded higher clearance values showed a second radioactive peak which migrated much closer to the solvent front than mannitol (Fig. 1B) . Following the injection of 14C-labeled sorbitol bile chromatographs showed a preponderance of 14C in the rapidly moving peak (Fig. 1 C) . The injected material in all cases showed only a single chromatographic peak as did the samples of plasma obtained in all of these experiments (mannitol has the same RF as sorbitol in the solvent system used). Chromatographs of bile collected after injection of 14C-labeled erythritol in dogs with ligated renal pedicles showed a single radioactive peak with a mobility identical to that of unlabeled erythritol (Fig. 10) .
With the exception of the measurements at high rates of bile acid secretion in dog Bu the bile flow was consistently lower than the mannitol clearance, and the bile flow regression lines intersected the vertical axis much closer to zero than did the mannitol clearance regression lines. Mannitol clearance. In each of the three trained, unClearance of other isotopically labeled compounds. All of the anesthetized dogs lo-14 mannitol clearances were measclearance values for urea, erythritol, creatinine, sucrose, ured during the course of 4-6 studies performed at and inulin are shown in Fig. 3 . The mannitol clearance widely separated intervals over a period of approxiregression lines from Fig. 2 have been reproduced for mately one year. The relationship between mannitol reference. At the higher rates of bile acid secretion the clearance and bile acid secretion rate was consistent clearances of urea, erythritol and creatinine were indisfrom study to study in each dog and was independent of tinguishable from the mannitol clearance in dogs La and the order in which low, medium, and high rates of Ha. In dog Bu, however, the urea and erythritol sodium taurocholate infusion were administered in clearances were higher than the mannitol clearance. At individual experiments. All of the mannitol clearance very low rates of bile acid secretion the urea clearance values are plotted against the calculated bile acid secrewas lower than the mannitol clearance in all three dogs. tion rates in Fig. 2 and there was an apparently linear The clearances of sucrose and inulin were much lower relationship.
than the mannitol clearance in all studies. Bile flow was related to bile acid secretion rate as Bile-to-plasma ratios. The bile-to-plasma ratios for all shown by the dashed lines in Fig. 2 , based on 34-37 compounds are plotted against bile acid secretion rate separate observations in each dog (all of the mannitol in Fig. 4 . With the exception of a few observations at clearance periods plus all periods in which clearances of higher rates of bile acid secretion the bile to plasma ratios other isotopically labeled compounds were measured). for urea, erythritol, creatinine, and mannitol were con- sistently greater than one, and, except in the case of urea, tended to be highest at very low rates of bile acid secretion. The bile-to-plasma ratios for sucrose and inulin were always much less than one.
Effect of secretin on mannitol clearance. The effect of secretin infusion on bile flow and mannitol clearance at constant rates of sodium taurocholate infusion is shown in Table 2 . It should be remembered that the mannitol used in these studies was probably contaminated with soribitol (see Chromatography) so that the absolute clearance values are consistently higher than those shown in Fig. 2 clearance. The infusion of secretin, which appears to effect the movement of water across ductular or ductal epithelium (27), was unassociated with any apparent change in rnannitol clearance. These findings agree with those of Forker (4) in the guinea pig, in which secretin choleresis had no effect on the clearance of either mannitol or erythritol. Thus it would appear that those portions of the bile duct system which are responsive to secretin are relatively impermeable to mannitol in the dog and to mannitol and erythritol in the guinea pig. Since the exact site of action of secretin within the duct system is unknown the foregoing evidence The last equation is a description of the clearance of solute s as a function of solvent flux. It has the form illustrated in Fig. 6 . At very low rates of solvent flux the solute clearance is approximately equal to the solvent flux owing to the achievement, by diffusion, of nearly complete equilibrium between the two compartments. At very high rates of solvent flux the movement of solute is attributable almost entirely to bulk flow and, to the extent that solute movement through the barrier is restricted (i.e., c > 0) the clearance of solute will be equal to a fraction (less than one) of the solvent flux. Three general conclusions may be drawn from this analysis (applicable to the behavior of any inert test solute, present in trace amounts, which is not transported by an active or carrier-mediated process) : I> Solute clearance increases with increasing solvent flow, but the rate of increase of clearance, at higher rates of solvent flow (where bulk flow is the dominant mechanism) should be less for larger solutes whose movement is restricted (i.e., those with values of 0 > 0) than for solutes with unrestricted movement (a R 0). 2) The solute clearance cannot exceed the solvent flux (i.e., the concentration of solute in the generated fluid cannot exceed that in the compartment of origin) 3) Although the limiting asymptotes for both diffusion and bulk flow pass through the origin the shape of the curve is such that data obtained over a limited range of solvent flows might appear to yield a linear relationship between clearance and solvent flow which, if extrapolated, would intersect the ordinate at a point well above the origin.
Interpretation of actual clearance measurements. The clearances of all test substances were plotted against the bile acid secretion rate on the assumption that active transport of conjugated bile acids into the bile canaliculi probably provides a major osmotic driving force for the movement of water into the canaliculi. This view, originally proposed by Sperber (23, 24), has received indirect support from observations in the dog ( 17). While the FIG. 5. Model of simple membrane through which solvent is moving at rate JV. Flux (Js) of an inert solute occurs by a combination of diffusion and bulk flow. Left-hand compartment is assumed to be large and well stirred so that solute concentration (Cl) is constant.
Fluid on the right is derived entirely from material passing through membrane so that C2 = Js/J>.. exact relationship between total canalicular water flux and conjugated bile acid (taurocholate) secretion rate is unknown it is probably reasonable to assume that the relationship is a consistent one in a given dog studied at different times under a given set of conditions. Lacking a direct measurement of canalicular flow the bile acid secretion rate was chosen for the abscissa in preference to the observed bile flow since the latter may be modified by processes operating at sites distal to the canaliculi (27, also see Table 2 ) and may therefore not bear a predictable relationship to canalicular flow. On the assumption that clearance is equivalent to canalicular clearance a comparison of the actual clearance data (Figs. 2, 3) with the theoretical clearance curve for an inert solute (Fig. 6) suggests the following conclusions :
1) In dogs La and&z the clearances of urea, creatinine, erythritol, and mannitol are approximately the same at any given high rate of bile acid secretion (and therefore presumably similar at a given high rate of canalicular solvent flow). Thus it may be assumed either that the major mechanism of solute clearance is simple diffusion or, if bulk flow is the major mechanism, that the reflection coefficient (a) is nearly the same for all solutes. Since the solutes differ in molecular size the latter would probably be true only if there were little restriction to the movement of any of the solutes (i.e., 1 >> c >, 0). Thus, regardless of whether diffusion or bulk flow is the dominant mechanism for solute movement the clearance of the test substances should be very nearly equal to canalicular flow within the range of bile acid secretion rates achieved in these animals.
2) In doe Bu clearances of mannitol and creatinine appear to be lower than those of erythritol and urea at the highest rates of bile acid secretion, suggesting that in this dog there is some restriction to movement of the larger solutes (a > 0) and that at the higher rates of bile acid secretion, therefore, canalicular flow is probably greater than mannitol and creatinine clearance. 3) In all three dogs the urea clearance tends to be lower than the clearances of mannitol, creatinine and erythritol at the lowest rates of bile acid secretion (and bile flow). It is probable that this discrepancy can be attributed to passive reabsorption of urea accompanying water reabsorption at sites distal to the canaliculi (see below).
4) The extrapolated regression lines for mannitol clearance (Fig. 2) intersect the ordinate well above the origin. The shape of the midportion of the theoretical clearance curve (Fig. 6 ) could provide an explanation for this phenomenon only if the clearance were attributable in large part to bulk flow and if there were significant restriction to solute movement (a > 0). For the reasons noted in (1) above this is probably not the case in dogs La and Ha, and even in dog Bu the apparent restriction to mannitol clearance at the highest bile acid secretion rates would not have a profound influence on the extrapolated zero intercept.
The most probable explanation for the positive zero intercept is that some process other than conjugated bile acid secretion is responsible for the production of canalicular bile at a rate of approximately 0.1 ml/min. For example, the continuous active transport of solutes other than bile acids into the canalicular lumen might provide the driving force for a fixed rate of basal canalicular bile producti .on. The probable importance of primary mechanisms 0th .er than bile acid secretion was recently emphasized by the studies of Nahrwold and Grossman ( 15) in which canine bile flow was uninfluenced by increments in bile acid output at very low absolute levels of bile acid secretion.
5) The very low clearances of sucrose and inulin are consistent with marked restriction to the movement of these substances into the liver cells, and thereafter, into the bile. Significant restriction to the movement of sucrose and inulin has alreadv been described in the rat by Schanker and Hogben ( 18) .
Bile-to-plasma ratios and reabsorptiue mechanisms. Discounting the unlikely possibility that all of the test compounds were actively secreted into the bile, the observation of bile-to-plasma ratios greater than one (Fig. 4 ) is indicative of fluid reabsorption from regions of the biliary tract distal to the bile canaliculi.
The considerable scatter in these data is consistent with the impression that spontaneous variations in bile flow, which are comparable to secretin-induced changes (26), presumably involve mechanisms located at distal sites in the biliary system. When the lowest rates of bile acid secretion coincided with the lowest spontaneous rates of bile flow the concentrations of erythritol, mannitol and creatinine were often two times and occasionally three times greater in bile than in plasma. The highest value, 3.3, was obtained during an erythritol clearance in dog Bu at a bile acid secretion rate of 6 pM/min. The absolute rate of distal fluid reabosrption apparently does not increase at higher rates of canalicular flow since the regression lines for mannitol clearance and bile flow are approximately parallel (Fig. 2) . In dog Bu the apparent convergence of these lines is probably attributable to the fact that canalicular flow was underestimated by mannito1 clearance at high rates of bile acid secretion (see above) rather than a diminution of the rate of fluid reabsorption at higher flows. In the case of urea the bile-to-plasma concentration ratios never exceeded 1.4 and urea clearances tended to be lower than the clearances of erythritol, mannitol, and creatinine at the lowest rates of bile acid secretion. These findings can probably be explained by passive reabsorption of urea from the bile ducts, which would be expected to be most appreciable under the conditions favoring maximal concentration of canalicular bile, realized at the lowest rates of bile acid secretion.
Whether or not the reabsorption of fluid is to some extent a chronic adaptive response of the bile ducts to cholecystectomy is a question which cannot be answered by the presen t s tudies. In con trast to the trained un - anesthetized dogs the dogs studied acutely under Nembutal anesthesia (in connection with the chromatographic studies) tended to have much higher bile flows at any given rate of bile acid infusion, and bile-to-plasma ratios for erythritol and mannitol never exceeded 1.3, but this difference might be attributable to an effect of anesthesia in the latter group.
Also unresolved for the present is the question of whether net fluid secretion ever occurs in the bile ductules or ducts. Occasional bile-to-plasma ratios were less than one (Fig. 4) in a previous study ( 17)-it is highly unlikely that secretin choleresis could be accounted for simply by inhibition of reabsorption (only about 0.1 ml/ min as estimated by present studies) and almost certain that net ductal or ductular secretion must occur in response to this hormone.
Species dtyerences. Comparison of the present studies with those of Forker (4) reveals three major differences between the dog and the guinea pig with respect to bile production : 1) Bile flow per unit of liver weight is much lower in the dog than in the guinea pig. The weight of the dog liver is approximately 3.4 % of body weight (14). Bile flow was therefore approximately 0.1 ~1 min-l g-l at low bile acid secretion rates (ca. 10 pM/min) and 0.7 ~1 min-l g-l at high secretion rates (ca. 70 pM/min) in the three dogs studied here, whereas in the guinea pigs reported by Forker (4) it was approximately 4 ~1 min-r g-l with no exogenous bile acid infusion and 10 ~1 min-1 g-l during an infusion of dehydrocholate. The experimental conditions were not entirely comparable but a 15-to 40-fold difference in bile flow cannot be attributed to differences in experimental design. Reabsorption of fluid in the canine bile ducts, by which canalicular bile may be concentrated more than three fold, may account for part of the very marked difference at low rates of bile acid secretion. However the major reason for the difference in bile flow appears to be related to differing rates of initial (canalicular) bile production in the two species. 2) Canalicular bile production, as revealed by inert solute clearance, appears to be lower per unit of liver weight in the dog than in the guinea pig. In the dogs studied here the clearances of both erythritol and mannito1 were of the order of 0.3 and 0.8 ~1 min-' g-' at low and high bile acid secretion rates, respectively, whereas erythritol clearances in the guinea pig were roughly 3 and 8 ~1 min-l g-l and mannitol clearances 1 and 3 ~1 mm1 g-r (4). The difference in canalicular flow may be greater than these figures suggest since the apparent mechanism of solute clearance in the guinea pig is such that canalicular bile production is probably underestimated by the erythritol clearance (and underestimated much more by the mannitol clearance), whereas in the dog the erythritol clearance and (in at least two of our three dogs) the mannitol clearance are probably nearly equal to canalicular flow. 3) Whereas Forker (4) has presented convincing evidence that osmotic ultrafiltration (i.e., bulk flow) rather than diffusion is the major mechanism for mannitol and erythritol clearance in the guinea pig the picture is not nearly so clear in the dog. In the latter species it is possible to say only that if osmotic ultrafiltration is the major mechanism there must be considerably less restriction to the movement of solutes as large as mannitol in the dog than there is in the guinea pig.
One way to account for the differences between the two species would be to postulate that the area of canalicular membrane available for passive solute and solvent movement in response to primary active solute transport is far greater per unit mass of liver in the guinea pig than in the dog but that the size of the individual "pores" in the membrane is smaller in the guinea pig. Comparison of the species would be facilitated if one actually knew how much additional canalicular bile is produced in the guinea pig in response to a given increment in the secretion rate of a particular bile acid. In the dog, for example, the slopes of the mannitol-clearance regression lines (Fig. 2) were indistinguishable from that of erythritol in two of three dogs studied and only slightly lower in the third dog. Urea, on the other hand, is less ideal since it appears to be reabsorbed by the bile ducts at low rates of bile formation.
In the cholecystectomized dog, under the conditions of these experiments (fasting plus anticholinergic drug), ductal or ductular reabsorption at a rate of about 0.1 ml/min leads to concentration of canalicular bile by as much as threefold at lower rates of bile formation.
